Comparisons among evolutionarily related enzymes offer opportunities to reveal how structural differences produce different catalytic activities. Two structurally related enzymes, Escherichia coli alkaline phosphatase (AP) and Xanthomonas axonopodis nucleotide pyrophosphatase/phosphodiesterase (NPP), have nearly identical binuclear Zn 2+ catalytic centers but show tremendous differential specificity for hydrolysis of phosphate monoesters or phosphate diesters. To determine if there are differences in Zn 2+ coordination in the two enzymes that might contribute to catalytic specificity, we analyzed both x-ray absorption spectroscopic and x-ray crystallographic data. We report a 1.29-Å crystal structure of AP with bound phosphate, allowing evaluation of interactions at the AP metal site with high resolution. To make systematic comparisons between AP and NPP, we measured zinc extended x-ray absorption fine structure for AP and NPP in the free-enzyme forms, with AMP and inorganic phosphate groundstate analogs and with vanadate transition-state analogs. These studies yielded average zinc-ligand distances in AP and NPP free-enzyme forms and ground-state analog forms that were identical within error, suggesting little difference in metal ion coordination among these forms. Upon binding of vanadate to both enzymes, small increases in average metal-ligand Abbreviations used: XAS, x-ray absorption spectroscopy; EXAFS, extended x-ray absorption fine structure; AP, alkaline phosphatase; NPP, nucleotide pyrophosphatase/phosphodiesterase; BVS, bond valence sum; FT, Fourier transform; PEG, polyethylene glycol; SSRL, Stanford Synchrotron Radiation Lightsource. distances were observed, consistent with an increased coordination number. Slightly longer increases were observed in NPP relative to AP, which could arise from subtle rearrangements of the active site or differences in the geometry of the bound vanadyl species. Overall, the results suggest that the binuclear Zn 2+ catalytic site remains very similar between AP and NPP during the course of a reaction cycle.
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Introduction
Enzyme superfamilies are composed of evolutionarily and structurally related enzymes that catalyze different reactions yet share mechanistic features. 1 These related enzymes often exhibit catalytic promiscuity, where members of a superfamily catalyze reactions of other superfamily members at a low level as a result of common mechanistic and structural features. [1] [2] [3] This catalytic promiscuity presumably played a role in the evolution of new enzymatic activities 2, 4 and currently offers the opportunity to make mechanistic comparisons to uncover how structural differences can lead to specialization and optimization of related active sites for different reactions. In addition to informing fundamental aspects of enzyme evolution and mechanism, this information may ultimately prove valuable in the development of new enzymes with practical uses.
The enzymes of the alkaline phosphatase (AP) superfamily catalyze several types of phosphoryl and sulfuryl transfer reactions, often with enormous rate accelerations. 5, 6 Escherichia coli AP, the most extensively studied member of the superfamily, catalyzes the hydrolysis of a broad range of phosphate monoester substrates with a two-metal-ion Zn 2+ catalytic core [7] [8] [9] [10] (Fig. 1 ). Its acceleration of the second-order rate constant for hydrolysis of methyl phosphate is 10 27 -fold over the corresponding secondorder reaction with water, one of the largest rate accelerations known. [11] [12] [13] [14] Members of another class of enzymes within the AP superfamily, the nucleotide pyrophosphatases/phosphodiesterases (NPPs), have the same two-metal-ion Zn 2+ core as AP but preferentially hydrolyze phosphate diesters. 15, 16 The NPP from Xanthomonas axonopodis has been recently characterized and found to have a nearly superimposable Zn 2+ site with that in AP, and yet there is a differential specificity of 10 15 -fold for monoesters versus diesters between AP and NPP. 11, 15 The similarities and differences between AP and NPP outside of the Zn 2+ site have provided insight into enzymatic features that allow the two enzymes to specialize toward monoester and diester hydrolysis (Fig. 1) . Two structural elements unique to AP have been investigated: an active-site arginine residue that can stabilize phosphate monoesters through dual hydrogen-bonding interactions and the enzyme's third metal ion, Mg 2+ , the removal of which yielded a 10 5 -fold loss in activity for monoesters with little effect on diesters. 11, [17] [18] [19] In NPP, interactions of substrate with a nucleotide-binding pocket facilitate reaction of specific diester substrates and could destabilize negative charge on monoesters. 15, 20 Although the Zn 2+ sites in the two enzymes appear similar and are expected to make analogous interactions in the transition states of the reaction ( Fig. 1) , the Zn 2+ sites themselves may also be involved in defining the catalytic specificity of the two enzymes by mediating effects of second-shell or more remote differences between the enzymes. It has been proposed, for example, that the distance between the metal ions might be used to predict whether a two-metal-ion enzyme catalyzes phosphate monoester or diester hydrolysis. 21 This proposal is based on differences in the transition states of monoester and diester reactions in solution; monoesters proceed through looser transition states than diesters, with more extensive bond cleavage and minimal formation of a bond to the nucleophile. 13, [22] [23] [24] [25] [26] The Zn 2+ sites in AP and NPP could also mediate catalytic specificity through other potential routes. The Zn 2+ sites in the two enzymes could differ in Zn 2+ coordination number or geometry in response to binding of ligands, they could differ in sensitivity of the coordination geometry to substrate charge or geometry, or the Zn 2+ sites could present different charge distributions resulting from structural elements surrounding the Zn 2+ site. In this article, we utilize both x-ray crystallography and zinc x-ray absorption spectroscopy (XAS) to compare the Zn 2+ sites in AP and NPP in the free-enzyme forms, bound to substrate analogs phosphate and AMP, and bound to the vanadate transition-state analog. These studies provide high-resolution experimental data as benchmarks for emerging quantum mechanics/molecular mechanics studies of AP and NPP, [27] [28] [29] [30] and they suggest some lengthening of average coordination distances upon binding of the vanadate transitionstate analog, but little overall difference in Zn 2+ coordination between AP and NPP.
Results

Å structure of AP
The structure of wild-type AP was determined with bound inorganic phosphate and was refined using data of up to 1.20 Å resolution with good signal-to-noise ratio (I/σ N 3). Thus, although an effective resolution of 1.29 Å is reported here to reflect the range of data with N 90% completeness (Table 1) , the true resolution of the structure is actually somewhat better than 1.29 Å. The structure offers improvement over prior AP structures, which have had resolutions of ≥ 1.75 Å and, in the highestresolution case, mixed metal occupancy of the Mg ligands, the nucleophile, and noncovalently bound phosphate. Unambiguous density for the Zn 2+ ions and phosphate was seen in all four active sites of the asymmetric unit. As was observed in prior AP structures with noncovalently bound phosphate, 8, 31 the Ser102 side chain approaches closely to the noncovalent phosphate (∼1.8 Å O-O distance) in all four chains. Several possible alternative models to account for this apparently short contact were tested, but these models did not fully account for the observed electron density, suggesting that a close and likely repulsive contact between Ser102 and phosphate exists a significant fraction of the time. These and other comparisons to prior AP structures are included in the Supplemental Material. A repulsive interaction between Ser102 and phosphate could be a consequence of very favorable electrostatic interactions of phosphate and serine with the two zinc ions, as well as the protein fold that serves to position the zinc ions and Ser102. Such a repulsive interaction is also consistent with recent structural and binding results with wild-type and Ser102 mutants of AP 32 (Logan D. Andrews and D.H., unpublished results), and similar short interaction distances are found in small-molecule structures (see Supplemental Material).
XAS studies of AP and NPP
XAS is a quantitative structural technique that probes the local environment of a metal ion at an atomic-level resolution. For XAS data collected at the metal K-edge, the edge region of a spectrum is sensitive to the effective charge on the metal ion and the coordination geometry, while the extended x-ray absorption fine structure (EXAFS) region provides average metal-ligand bond distances and coordination numbers typically with ∼ 0.02 Å and 20-25% (± 1 coordination bond) accuracy, respectively. Zinc K-edge XAS has been used to investigate the structure of the active center in a number of zinc enzymes including carboxypeptidase A, 33 human immunodeficiency virus type 2 integrase, 34 protein farnesyltransferase, 35 and alcohol dehydrogenase.
36
A zinc EXAFS study for AP has been previously reported, 37 but the protein contained only partially occupied or partially cobalt-substituted active sites. Here, zinc K-edge XAS has been measured to probe the local structure of the native binuclear Zn 2+ site in AP and NPP, both unbound and in the presence of ground-state and transition-state analogs, with estimated Zn 2+ occupancies of 90% or more. Figure 3 compares the normalized zinc K-edge spectra for the free, phosphate-bound, and vanadatebound forms of AP and NPP; for each sample, the data represent an average XAS signal of two zinc atoms at the active center. For all AP protein forms, the energy position of the rising edge is identical (Fig.  3a) , indicating that the average local charge on the zinc remains the same throughout the series, despite the addition of anionic ligands. At the same time, the main edge peak at 9667-9670 eV changes in shape and intensity from free to phosphate-bound to vanadate-bound AP. Although Zn K-edge features are sensitive to the three-dimensional structure of an absorbing zinc site, they typically cannot be directly attributed to specific structural properties. 38 Thus, the observed spectral changes suggest differences in zinc coordination among the three AP forms but do not reveal the nature of the differences. Similarly to AP samples, the NPP samples display no differences in the energy position of the rising edge (Fig. 3c) . However, while the edge spectra for free and AMPbound NPP are similar, the edge shape and intensity for vanadate-bound NPP differ considerably from those for free NPP, suggesting a significant change in the average zinc coordination environment upon vanadate binding to NPP.
The k 3 -weighted Zn EXAFS data to a k of 12.5 Å
and corresponding non-phase-shift-corrected Fourier transforms (FTs) for the AP and NPP series are illustrated in Fig. 3b and d. For all samples, the FT, which is related to the radial distribution of atoms around an absorbing zinc atom, displays a single firstshell peak at R + Δ = 1.5 Å and a series of weaker outer-shell peaks at R + Δ = 2.0-4.0 Å ‡. Based on the crystal structures of AP and NPP (see Materials and Methods), the first-shell peak represents the scattering of four to five oxygen and nitrogen atoms located at R = ∼2.0 Å from zinc, whereas the outer-shell features arise from the single and multiple scattering of the carbon, nitrogen, and oxygen atoms of His, Asp, and Ser/Thr residues at distances from R = ∼3-5 Å and possibly of the phosphorus and vanadium atoms in the phosphate-and vanadate-bound protein derivatives. Although all AP and NPP protein forms contain an average of 1.5 histidine ligand per zinc, the observed outer-shell peak pattern does not match that of zinc proteins with predominantly histidine environments, 34, 39 suggesting static disorder of the histidine ligands or comparable contributions of other ligands to the outer-shell scattering. In addition, no obvious Zn⋯Zn scattering peak (which could be expected at R + Δ = 3.5-4 Å if Zn⋯Zn scattering was substantial) is visible in any of the FTs. Similarly to the observations from the free AP zinc K-edge data, the EXAFS and FT spectra for phosphate-and vanadatebound AP are slightly perturbed relative to free AP (Fig. 3b ). There is a larger difference in the NPP series; the EXAFS and FT for vanadate-bound NPP exhibit larger differences from those for free and AMP-bound NPP than the differences seen with AP ( Fig. 3c and d ). These differences were quantitatively evaluated by curve-fitting analysis of the EXAFS data in k space (see Materials and Methods).
The EXAFS fitting results for the first coordination shell of zinc for AP and NPP protein derivatives are a Reflections were included to 1.20 Å with high signal-to-noise ratio (I/σ N 3). However, because of low completeness of these highest-resolution shells, we indicate an effective resolution of the structure of 1.29 Å, corresponding to the resolution at which the completeness is N90%.
b Values in parentheses are for the highest-resolution shell, 1.24-1.20 Å.
c R merge = ∑|I obs − I ave |/∑I obs . ‡ Where Δ is approximately −0.4 to −0.5Å and arises because the Fourier transform data were not phaseshifted. summarized in Table 2 , which lists average zincligand distances R and bond variance values σ 2 for fits with selected average zinc coordination numbers N. In all cases, the first coordination sphere was modeled well with a single shell of four to five oxygen and nitrogen ligands at a short distance from each zinc. The free and phosphate-bound forms of AP and NPP display essentially identical 1.97-1.98 Å average bond lengths, while vanadatebound AP and NPP show longer 2.00 and 2.03 Å distances, respectively. For all samples, the one-shell fit was not improved by the addition of another oxygen scatterer at a short (1.80-1.85 Å) or long (2.15-2.30 Å) distance from zinc.
The first-shell coordination numbers N for AP and NPP samples could not be derived from the EXAFS data alone. The fit error changed insignificantly when N was varied between 4.0 and 5.5 for free and phosphate-bound AP and NPP and between 4.5 and 6.0 for the vanadate-bound forms (see Supplemental Material). The low precision of EXAFS coordination numbers (uncertainty of ± 20-25%) is a well-known limitation of the EXAFS technique, 38 which arises in part from the significant correlation between N and σ 2 values in a fit, as well as from combining nonequivalent atoms into a single shell and assuming the distribution of their distances to be Gaussian. On the other hand, average EXAFS bond lengths are determined with a significantly better accuracy (± 0.01-0.02 Å) and are much less correlated to either N or σ 2 values. For example, the EXAFSderived bond lengths for AP and NPP remain the same when the coordination number is varied from 4 to 6 in the fits (Supplemental Material). Because metal-ligand bond lengths themselves are related to the metal coordination number, it is possible to estimate the coordination number from EXAFSderived distances using a bond valence sum (BVS) analysis.
BVS analysis correlates the oxidation state of the metal to the sum of the metal-ligand bond strengths, or bond valences. 40, 41 The bond valence (BV) of a bond between two atoms is assumed to be a function of the bond length R:
where R 0 values are empirically determined values tabulated for specific metal-ligand pairs and B is empirically determined and set to 0.37 Å. 42 The BVS for all bonds formed by an atom is expected to equal the valence of that atom, which, for a metal cation, is the same as the oxidation state (i.e., two for Zn 2+ ). Studies of metal sites in a variety of metalloenzymes have indicated that calculated BVS values typically fall within ∼ 0.2 units from the metal oxidation state. 40, 41 Table 3 gives calculated BVS values for AP and NPP using EXAFS-determined bond lengths. These were evaluated for each of the possible coordination numbers for the two-Zn 2+ system (4.0, 4.5, 5.0, 5.5, and 6.0) using R 0 = 1.77 Å for Zn-N, 1.704 Å for Zn-O, 43 and assuming 1.5 Zn-N bonds at an average site of AP and NPP. For comparison, the BVS values were also calculated for a number of crystallographically characterized 4-, 5-, and 6-coordinate small-molecule zinc complexes with mixed N/O first-shell ligation from the Cambridge Structural Database 44 (see Supplemental Material); only complexes with one or two nitrogen atoms in the first shell were considered, and an average Zn-O/N distance for each molecule was used to calculate its BVS. The results show that, under these conditions, the average BVS value for the entire set of 4-6 coordinate zinc is 2.08 ± 0.08 Å (Table 4) . When this range is compared to the BVS values calculated for the EXAFS-derived distances in AP and NPP samples (Table 3) , the observed distances of 1.97 and 1.98 Å suggest 4-coordinated complexes (BVS values of 2.09 and 2.04, respectively), while R = 2.00 Å is the closest to 4.5-coordination (BVS = 2.15). For R = 2.03 Å, the BVS values for both 4.5-coordination (BVS = 1.99) and 5-coordination (BVS = 2.19) are close to the reference value and thus either model is compatible with the EXAFS data. Thus, based on average bond lengths from EXAFS, the BVS analysis yields a coordination number of 4.0 for free and phosphoryl-bound AP and NPP, 4.5 for AP-vanadate, and 4.5 or 5.0 for NPP-vanadate.
Discussion
X-ray crystallography and XAS offer complementary approaches to evaluating active-site interactions in metalloenzymes. Crystal structures provide a structural context and reveal identities of groups interacting with the metals, while XAS allows highprecision comparisons of metal coordination environments across a series of enzyme and ligand combinations. Here, we combine analyses of crystal structures and XAS data to systematically evaluate Zn 2+ coordination in the AP and NPP active sites. The 1.29-Å crystallographic structure reported herein provides a high-resolution picture of protein-metal ion interactions in AP. Several prior structures of AP have been reported, including wildtype 8, 31, [45] [46] [47] and mutant enzymes 11, 19, [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] and structures with alterative metal ions occupying the Zn 2+ sites. 59, 60 The improved resolution of the current structure relative to prior structures of AP provides a more precise determination of the coordination geometry around the Zn 2+ ions, with average coordinate errors of ∼0.04 Å, as compared to an estimated ≥∼0.2 Å for prior structures. 8, 31, [45] [46] [47] Figure 4 shows a schematic of the Zn 2+ interactions with the average and standard deviations from the four chains. The two Zn 2+ ions are coordinated by three His and three Asp side chains, with additional These different forms of the enzymes span wide ranges of resolution, and thus, differences in metal coordination distances may arise from differences between AP and NPP, differences upon binding substrate or transition-state analogs, differences in protonation states, and/or differences in resolution. The highest-resolution structure of AP reported here has bound phosphate, while the highest-resolution NPP structure available (2GSO, 1.45 Å) has bound vanadate, preventing direct comparison even among the highest-resolution structures.
Plotting Zn-ligand distances for AP and NPP as a function of resolution ( Fig. 5 and Supplemental Fig.  S6 ) illustrates that much of the variation in Znligand distances occurs at lower resolutions and among AP mutants; variations among different bound and unbound enzyme forms may also contribute but cannot be distinguished from variations in resolution. The Zn-ligand distances in the 1.29-Å structure reported here are very similar to average Zn-N and Zn-O distances observed in high-resolution structures of small molecules (broken lines in Fig. 5 and Supplemental Fig. S6) , consistent with prior observations that proteinmetal interactions tend to converge to nearcanonical values with higher resolution. 61, [63] [64] [65] An exception is Asp327 (Asp210 in NPP), which forms a semi-bidentate interaction with Zn 2+ and thus has longer interaction distances. 61 The Zn-Zn distance shows a similar degree of variation among lower-resolution structures. The average Zn-Zn distances in all structures (4.18 ± 0.18 Å) and all wild-type structures (4.15 ± 0.12 Å) closely resemble the average Zn-Zn distance in the highest-resolution AP structure of 4.12 ± 0.01 Å.
To make direct comparisons between AP and NPP in the same states with high precision, we used XAS. We first considered whether there were differences in Zn 2+ coordination in the free-enzyme forms of AP and NPP. As one example of a possible difference, a prior proposed model holds that the geometry of the Zn 2+ sites in the resting states of the enzyme, and specifically the Zn-Zn distance, determines the specificity of the enzyme for monoester or diester reactions. 21 Crystal structures suggested that this model did not hold for AP and NPP §. 15 However, as mentioned above, direct comparison of crystal structures is complicated by both differences in resolution and differences among bound and unbound states of the enzyme, and other differences in metal coordination beyond Zn-Zn distance could play roles in defining the specificity of the two enzymes. Thus, comparison of free-enzyme EXAFS provides an alternative route to evaluate intrinsic differences between the AP and NPP coordination spheres, although the ∼ 4-Å Zn-Zn separation is not detectable in the absence of bridging ligands. The EXAFS data indicated nearly identical average Znligand distances for AP and NPP of 1.97-1.98 Å, and the EXAFS and BVS analysis suggested coordination numbers of 4.0 for both enzymes. These values suggest, most simply, that there are no significant intrinsic differences in the Zn 2+ coordination environment between AP and NPP. The strong overall similarity between AP and NPP EXAFS spectra for AP and NPP (Supplemental Fig. S5 ) suggests that marked differences in the Zn 2+ environment The Cambridge Structural Database v5.29 was used to search for Zn(N1On) (n = 3, 4, 5) and Zn(N2Om) (m = 2, 3, 4) complexes. All searches required R-factor ≤0.065 and non-polymeric structures with no disorder and no unresolved errors. The average first-shell Zn-O/N distance R ave was calculated for each complex and then averaged over all complexes of the same total coordination number N Zn-O/N . The BVS values were calculated for each molecule using its R ave ; R 0 and B values were the same as in Table 3 . The BVS values were averaged over all molecules of the same N Zn-O/N . The sample standard deviations are given in parentheses. a Number of crystallographically independent observations. § Note, for example, that in Fig. 5 the NPP Zn-Zn distances on average actually appear slightly longer than those in AP, opposite of the proposed model. between the two enzymes are unlikely in the free enzyme. Differences between AP and NPP could also arise in response to binding of substrates and transition states to the bimetallo site. Quantum mechanics/ molecular mechanics computational studies of the Zn 2+ sites in AP and NPP have predicted changes in geometry of the Zn 2+ sites during the process of the reaction pathway, [27] [28] [29] [30] in one case reaching the remarkably and unexpectedly long Zn-Zn distance of 7 Å in the transition state, as compared to ∼ 4.1 Å in crystal structures. 29 While the EXAFS data cannot determine Zn-Zn distances of this length, these changes in geometry of the metal sites would likely result in additional changes to the first-shell coordination numbers, distances, and geometries, particularly since the bimetallo site is anchored to the structural core of the two enzymes, which shows low B-factors in all crystal structures and no evidence of significant deformability. Conversely, differences in The broken line indicates average interaction distances from zinc-nitrogen interactions from small-molecule crystal structures. 61, 62 Zn 2+ coordination between AP and NPP could arise independently of Zn-Zn distances. To evaluate whether differences in Zn 2+ coordination could be identified in AP and NPP in response to binding of ground-state substrate analogs, we measured EXAFS in the two enzymes in response to binding of inorganic phosphate and AMP, respectively.
AP binds inorganic phosphate with K d = 1 μM at pH 8. 19 NPP does not bind phosphate tightly; hence, we used the phosphate monoester AMP for comparison. AMP binds NPP with a K d of 260 μM at pH 8, with the adenosine group occupying a binding pocket on the enzyme that is unique to NPP. 15 The binding modes of the phosphoryl group in the substrate analogs differ between the two enzymes, with the phosphate group making two Zn 2+ contacts in AP and one contact in NPP (Fig.  6a) . Prior studies have shown that, formally, the dianionic form of phosphate (HPO 4 2− ) binds to AP and the monoanionic form of AMP binds to NPP (R-HPO 4 1− ). 15, 66 However, recent vibrational spectroscopy studies strongly suggest that upon binding to AP, the phosphate dianion proton is transferred to Ser102, such that the stable, bound form has protonated SerOH and phosphate trianion (PO 4 3− ) (Fig. 6c) . 32 An analogous transfer would seem likely in NPP, but this possibility has not been tested. Based on typical Zn-O distances in small-molecule structures, differences in average coordination distances due to alternative protonation states of the Ser/Thr alkoxide nucleophile may be on the order of 0.01-0.02 Å for the binuclear Zn 2+ sites and may not be detectable in the EXAFS experiments. 62 The EXAFS data for these bound species indicate no measurable change in Zn-ligand coordination numbers or distances relative to the free-enzyme forms ( Table 2 ). In AP, the average Zn-ligand distance remained at 1.97 Å upon phosphate binding, with coordination number 4.0. This average Zn-ligand distance from EXAFS (1.97 ± 0.02 Å) is within error of that in the x-ray structure (2.02 ± 0.04 Å). Moreover, the narrow distribution of the first-shell Zn-ligand distances in the x-ray structure (1.97-2.10 Å for eight bonds out of nine) is consistent with the low value of the bond variance σ 2 of 0.0058 Å 2 observed in EXAFS. In NPP, the average Zn-ligand distance remained at 1.97 Å upon binding of AMP with coordination number 4.0. These results suggest, most simply, that no significant changes in Zn coordination geometry occur upon binding of the ground-state analogs for both AP and NPP. Despite the binding of the phosphate groups, the different binding modes in the two enzymes and possibly differences in protonation states of the phosphate groups in AP and NPP, the spectra, the average distances, and the estimated coordination numbers are nearly identical. We next considered the binding of transition-state analogs to AP and NPP.
Vanadate can adopt both tetrahedral and trigonal bipyramidal forms, and thus, vanadate esters have been used in numerous systems to mimic the trigonal bipyramidal transition states of phosphoryl transfer reactions. 67, 68 Vanadate binds AP and NPP with K d values of 10 μM and 50 μM, respectively, at pH 8. 9, 15 Crystal structures of AP and NPP show trigonal bipyramidal vanadate esters bound in the active sites in similar orientations that are consistent with stabilization of the nucleophile and leaving group oxygens by the Zn 2+ ions (Fig. 6b) . 15, 45 Differences in protonation state between AP-and NPP-bound forms of vanadate are expected, as discussed below.
In contrast to the data for substrate analogs, the EXAFS data for the transition-state analog vanadate indicated longer Zn-ligand distances (2.00 Å for AP and 2.03 Å for NPP), and BVS analysis suggested higher coordination numbers in both AP and NPP (4.5 for AP and 4.5-5.0 for NPP) (Tables 2 and 3 ). These observations are consistent with an additional coordinating interaction with oxygen in the position of the leaving group oxygen in the transition state, as suggested from crystal structures of AP and NPP with the bound pentavalent vanadyl group (Figs. 1  and 6 ). A strong stabilizing interaction with the leaving group oxygen is expected to be a crucial feature of catalysis in phosphoryl transfer reactions of both phosphate monoesters and diesters. In transition states for phosphate monoesters and diesters, the P-O bond to the leaving group is substantially or partially broken, resulting in a development of negative charge, and stabilization of this charge could contribute several orders of magnitude to rate acceleration. 13 While the vanadate transition-state analog does not have the same distribution of charge as these transition states, its trigonal bipyramidal geometry is expected to mimic the interactions of the transition state with the Zn 2+ ions.
15,45
The average Zn-ligand distances in AP-and NPPvanadate-bound forms are similar and within experimental uncertainty ( Table 2 ), suggesting that the two enzymes have very similar zinc coordination in the vanadate-bound complexes. Nevertheless, the longer average coordination distance of 2.03 Å in NPP relative to 2.00 Å in AP (with uncertainties of 0.02 Å) and the different appearance of the NPP-vanadate EXAFS spectrum relative to all other spectra (Fig. 3) suggest that there are small differences in the Zn 2+ sites of the two enzymes upon binding of vanadate.
Whereas the phosphate-bound forms of AP and NPP showed identical average distances by EXAFS but relatively different crystallographic binding modes (Fig. 6a) , the vanadate-bound forms of AP and NPP had different average EXAFS distances but overall similar binding modes in crystal structures 15, 45 (Fig. 6b) . Nevertheless, the vanadatebound forms of AP and NPP show some variation in contact distances to Zn 2+ . Vanadate can adopt varied apical O-V-O angles, as seen in Fig. 6b , and, further, the charge distribution and geometry of trigonal bipyramidal vanadate esters are not identical with those in phosphoryl transfer transition states. [67] [68] [69] [70] The EXAFS differences between AP and NPP in the vanadate-bound forms could reflect mechanistically important distinctions between the two enzymes in the transition state or they could result from imperfections of vanadate as a transition-state analog and in its ability to respond to its local environment.
Differences in zinc-vanadate interactions between AP and NPP could arise because vanadate lacks the ester substituent present in the native diester substrates of NPP. Interactions of the nucleotidebinding pocket of NPP with the second ester substituents of phosphate diesters can serve to position the phosphoryl group in the transition states of these reactions (Fig. 1) . Because the vanadate transition-state analog lacks this group, the NPP active site may not be suited to optimal positioning of vanadate and, further, the relatively hydrophobic surface surrounding the nucleotidebinding pocket could destabilize a vanadate oxygen bound in that site. Indeed, mutational studies suggest that the hydrophobic side chains at this site reduce activity with phosphate monoesters (H.W.-K. and D.H., unpublished data). Thus, vanadate may be positioned differently in the NPP Zn 2+ site relative to the AP active site, as AP can position the phosphoryl group in monoesters through direct interactions with the unsubstituted equatorial oxygens (Fig. 1) . Vanadate is also likely to have different protonation states in the two enzymes that could result in differences in Zn 2+ coordination. pH-binding profiles indicate that AP formally binds primarily the dianion form of vanadate (HVO 4 2− ), whereas NPP binds primarily the monoanion form (H 2 VO 4 1− ) (see Supplemental Material) (Fig. 6c) . Similarly, pH-rate profiles suggest that AP reacts preferentially with dianionic phosphate monoesters, whereas the promiscuous reactivity of NPP toward monoesters preferentially occurs with monoanionic phosphate monoesters. 15, 66 Overall, the EXAFS data for the free enzyme and enzyme with bound substrate and transition-state analogs suggest that despite differences in protonation states and binding modes, the Zn 2+ coordination in AP and NPP remains very similar throughout the reaction cycle. The structure of the Zn 2+ site in each of these states is likely to resemble that in the 1.29-Å AP structure, the highestresolution structure to date of an AP-superfamily two-metal enzyme. Although the structure and EXAFS data reported here were collected at cryogenic temperatures, prior AP structures determined at room temperature 8, 31 show very similar atomic positions and active-site temperature factors, further suggesting that the degree of variation in active-site structure is small.
The similarity of the EXAFS results for AP and NPP suggest, most simply, that the metal sites of AP and NPP act very similarly as catalytic centers in the two enzymes and that active-site elements beyond the zinc sites, rather than differences in the structure of the bimetallo site, are responsible for specialization for monoester or diester hydrolysis. Small differences between AP and NPP may be expressed upon binding of the vanadate transition-state analog, but it remains to be determined whether these directly reflect differences in the transition states or indirectly reflect differences in the properties of the overall active sites. The systematic evaluation of AP and NPP variants that lack key distinguishing structural features offers the potential to further probe how structural differences define enzymatic specialization.
Materials and Methods
AP structure determination
Protein for structure determination was produced under control of the native AP promoter as previously described, 71, 72 including osmotic shock to collect the periplasmic fraction, a heat treatment step, and ionexchange and gel-filtration chromatography steps. Wildtype AP was crystallized by the sitting drop method at 4°C in the dark in 20% polyethylene glycol (PEG) 4000, 0.2 M Hepes, pH 8.0, 1 mM ZnCl 2 , and 10 μM MgCl 2 . A 30-mg/mL protein solution was used. The crystal used for the structure reported here had been grown over ∼ 6 months under these conditions and was subsequently cryo-protected in 40% PEG 4000. These conditions yielded crystals of space group P2 1 , with two dimers per asymmetric unit. Data were collected at Stanford Synchrotron Radiation Lightsource (SSRL) beamline 9-2 at 100 K and were processed with DENZO and SCALEPACK. 73 Five percent of the data were set aside for calculation of R free . 31 Although no additional phosphate was added during crystallization, phosphate copurifies with wild-type AP and is also found as a contaminant of commercial PEG solutions. 11, 31, 32 The occupancy of noncovalently bound phosphate refined to 69-76% in the four chains of the asymmetric unit. Additional refinement tests were performed to evaluate alternative possible configurations of the active site (see Supplemental Material). In chain C only, difference density consistent with an alternate conformation of residues 403-408 was observed. However, the alternate conformation was not unambiguously assigned and modeling did not reduce R free . Accordingly, an alternative conformation was not included in the final model. Final refinement with anisotropic temperature factors was performed with Refmac. 76 
Sample preparation for XAS
Wild-type AP used for XAS was produced from a maltose binding protein fusion construct as previously described. 11, 17 This procedure yields the same full-length protein with identical activity to AP purified using the native promoter and signal peptide. 11, 17, 71 Following elution from the final Hi-Trap Q Sepharose HP column in the reported procedure, 11 peak fractions were pooled; buffer exchanged into 10 mM sodium Mops, pH 8.0, and 50 mM NaCl; and concentrated to 2 mM by centrifugal filtration (Amicon Ultra, 10 kDa cutoff). To produce phosphatecontaining AP samples, the protein solution was diluted twofold by the addition of a solution of 70% glycerol and Na 2 HPO 4 was added to a final concentration of 1 mM.
To remove phosphate from AP to produce the free AP and AP-vanadate samples, we diluted the enzyme into 20 mL of 1 M Tris-HCl, pH 8.0, to a final concentration of 20 μM. This solution was dialyzed against 2 L of 1 M TrisHCl, pH 9.0, at room temperature overnight with Spectra/ Por 7 dialysis tubing (10 kDa cutoff). The dialysate was changed, and this procedure was repeated over 4 days. Following the final dialysis, protein was removed from dialysis, concentrated, and buffer exchanged into 10 mM sodium Mops, pH 8.0, and 50 mM NaCl by centrifugal filtration (Amicon Ultra, 10 kDa cutoff). Removal of phosphate from the enzyme samples was confirmed by either atomic emission spectroscopy or a malachite green assay. 78 For the free AP sample, the enzyme was concentrated to 1 mM in the buffer solution and then diluted twofold by the addition of 70% glycerol. For the AP-vanadate samples, the enzyme was concentrated to 1 mM in the buffer solution and then diluted twofold by the addition of 70% glycerol. Sodium orthovanadate was added to a final concentration of 1 mM.
NPP was expressed and purified as previously described from a maltose binding protein fusion. 15 Following elution from the final Source S ion-exchange column as in the reported procedure, peak fractions were pooled and buffer exchanged into 20 mM sodium Mes, pH 6.0, and 100 mM NaCl. This lower pH was used for NPP to permit higher enzyme concentration; 20 NPP exhibits a flat pH-rate profile within this region. 15 EXAFS spectra of AP at pH 6.0 and NPP at pH 8.0 were within error of those reported here. The protein was concentrated to 1-2 mM in the buffer by centrifugal filtration (Amicon Ultra, 10 kDa cutoff). The samples were then diluted twofold by the addition of 70% glycerol, with AMP or Na 3 VO 4 included when indicated for a final concentration of 1 mM.
The conditions used for AP and NPP XAS measurements were selected to optimize precision for AP and NPP comparisons. Although the conditions used for EXAFS and structure determination could not be exactly matched, the differences in conditions are expected to have minimal effect. While structure determination and prior kinetic assays have included excess Zn 2+ and Mg
2+
in the buffers to ensure full metal occupancy, free metals had to be minimized for EXAFS; thus, the metal content of AP and NPP samples for EXAFS was tested directly by atomic absorption. The pH values of mock solutions for EXAFS were verified by a pH meter, and the same pH values were used for structure determination. While the EXAFS samples contained 35% glycerol and the AP crystals were grown with 20% PEG, these additives are not expected to alter the structures, and prior structures of AP determined with different precipitants superimpose closely.
X-ray absorption spectroscopy
For each protein sample, ∼ 100 μL of solution was transferred into a Lucite XAS cell with 37 μm Kapton tape windows and frozen in liquid nitrogen. The XAS data were recorded at SSRL on focused 16-pole wiggler beamline 9-3, with the ring operating at 3 GeV, 80-100 mA. A Si(220) double-crystal monochromator was used for energy selection at the Zn K-edge, and a Rh-coated mirror upstream of the monochromator was used for harmonic rejection and collimation. The samples were maintained at 10 K during data collection by using an Oxford Instruments CF1208 continuous-flow liquid-helium cryostat. Data were measured in fluorescence mode as Zn Kα fluorescence by using a Canberra (Meriden, CT) 30-element solid-state Ge array detector. The internal energy calibration was performed by simultaneous measurement of the absorption of Zn foil placed between two ionization chambers filled with nitrogen located after the sample. The first inflection point of the foil was assigned to 9660.70 eV. No photodegradation was observed for any of the samples. The averaged data included 14 scans for free AP, 11 scans for AP-phosphate, 17 scans for AP-vanadate, 11 scans for free NPP, 9 scans for NPP-AMP, and 12 scans for NPP-vanadate.
The averaged data were normalized with the program XFIT 79 by first subtracting a polynomial background absorbance that was fit to the pre-edge region and extended over the post-edge, followed by fitting a threeregion polynomial spline of orders 2, 3, and 3 over the post-edge region. The data were normalized to an edge jump of 1.0 between the background and spline curves at 9675 eV. Theoretical EXAFS signals χ(k) were calculated using FEFF (version 7.02) 80 and fit to the nonfiltered data by EXAFSPAK (G. N. George, SSRL). The input structure for FEFF was revised according to the fit results obtained. The experimental energy threshold E 0 (i.e., the point at which the photoelectron wavevector k equals zero) was . Plausible coordination models used for EXAFS fits of the binuclear Zn 2+ site in AP and NPP. These models were constructed based on the available crystal structures for AP and NPP.
initially chosen as 9675 eV and was varied in each fit using a common value ΔE 0 for every component in the fit. The scale factor S 0 2 was set to 1.0. The structural parameters that were varied during the refinements included the bond distance (R) and the bond variance (σ 2 ) for each shell of atoms. Atom types and coordination numbers (N) were systematically varied during the course of the analysis but were not allowed to vary within a given fit. Data were fit over the k range of 2-12.5 Å − 1 . FTs of the EXAFS data and fits were calculated with EXAFSPAK.
Because the XAS signal is an average of that from all zinc atoms in a sample, modeling the structure of a binuclear zinc site in AP and NPP enzymes for the XAS analysis required consideration of the average coordination environment of the two structurally nonequivalent zinc atoms. Based on the available crystal structures of AP and NPP, the active site can be represented as the set of possible models I-VI shown in Fig. 7 . Model I is based on the structures of ligand-free AP and NPP (Protein Data Bank codes 1ED9 and 2GSN, respectively). Model II is observed for NPP-AMP (2GSU), where the phosphate group of AMP is bound to Zn 1 but not to Zn 2 . Models III and IV include a phosphate group bridging Zn 1 and Zn 2 and an additional Ser (AP) or Thr (NPP) ligand to Zn 2 in IV (seen in structures 1ED8, 1ALK, and the AP structure reported herein). Model V is seen with vanadate-bound AP (1B8J), where one oxygen of vanadate bridges the zinc atoms, and there is an additional oxygen contact from the Ser residue to Zn 2 . Model VI is suggested by the structure of vanadate-bound NPP (1GSO) with an additional vanadate oxygen ligand to Zn 1 . After averaging the ligand environment over the two zinc atoms, average zinc coordination can be represented as ZnN 1.5 O (N − 1.5) , where total coordination number N varies between 4 and 5 depending on the model.
Initial fits to the EXAFS data showed that first-shell Zn-N and Zn-O scattering could not be resolved into separate shells for any of the samples. To model a combined N/O first shell, we calculated the single-scattering parameters for Zn-N and Zn-O bonds for Zn-N(His) and Zn-O(Asp) at bond distances of 2.00 and 1.97 Å, respectively, and then included them in a fit with the coordination number of 1.5 for Zn-N and (N− 1.5) for Zn-O, where N is an average coordination number tested in the fit. The bond distances R for Zn-O and Zn-N paths were restricted to the same value, as were the bond variances σ 2 . Thus, the combined O/N shell contributed two variable parameters to each fit.
For His ligands, single-and multiple-scattering contributions by the outer four atoms of the imidazole rings were included for all fits (1.5 His per zinc atom). The imidazole ring was assumed to have a rigid geometry, and the outer-shell Zn-N and Zn-C distances were linked to the first-shell Zn-N distance. Theoretical phases and amplitudes were calculated with FEFF for a first-shell Zn-N(His) distance of 2.00 Å. The σ 2 values for singleand multiple-scattering paths of an imidazole ring were calculated using a parameterized expression for σ 2 as a function of temperature and first-shell Zn-N distance 81 and were fixed during the fit. A low degree of static disorder for the three His ligands was assumed, as suggested by relatively low first-shell σ 2 values observed in the fits. Because the nearest C/N atoms of the imidazole are well separated spatially from the first-shell atoms (∼ 3.0 Å versus ∼ 2.0 Å), the parameters for these two shells are relatively independent in a fit. For all samples, the freely refined first-shell bond variance value σ 2 remains the same regardless of whether the outer-shell imidazole scattering is included or not and whether the included imidazole scattering components are constrained or not.
Accession number
The crystallographic coordinates for E. coli AP have been deposited in the Protein Data Bank with the accession code 3TG0.
